The actuarial senescence (i.e., the rate of increase in adult mortality with age) was related to body mass, development period, and age at sexual maturity across 124 taxonomic families of terrestrial vertebrates. Model selection based on Akaike's information criterion values adjusted for small size showed that the rate of aging decreases with increasing body mass, gestation period, age at maturity, and possession of flight. Among families of mammals, actuarial senescence was related to extrinsic mortality rate (standardized regression coefficient = 0.215), gestation period (−0.217), and age at maturity (−0.553). Although rate of aging in birds also was related to the embryo development period, birds grow several times more rapidly than mammals, and therefore, the connection between rate of early development and rate of aging is unclear. The strong vertebrate-wide relationship between rate of aging, or life span, and age at maturity can be explained by density-dependent feedback of adult survival rate on the recruitment of young individuals into the breeding population. Thus, age at maturity seems to reflect extrinsic mortality, which, in turn, influences selection on mechanisms that postpone physiological and actuarial senescence. Because rate of embryo development influences rate of aging independently of the age at maturity, in a statistical sense, the evolutionary diversification of development and aging seem to be connected in both birds and mammals; however, the linking mechanisms are not known.
ost biologists accept that the rate of aging has a genetic basis and is under selection (1) (2) (3) . However, evolutionary adaptations that influence the rate of aging and differentiate potential life span among species are poorly understood. Mechanisms related to the rate of aging that evolve under selection might, or might not, correspond to molecular and biochemical processes of interest to biologists who investigate the aging process in humans and model organisms. These processes include the production of reactive oxygen species (ROS) and control of oxidative damage (4, 5) , telomere shortening, which influences cell replication (6) (7) (8) , various signaling pathways that produce antagonisms between development and aging (9) (10) (11) , and inflammation responses that produce antagonisms between disease prevention and tissue damage (12) . However, other processes, particularly developmental mechanisms that influence the quality of the adult individual, might be brought into play by evolution.
Comparative analyses of the rate of aging, or some proxy such as maximum life span, have been used to support various ideas about aging (13) (14) (15) (16) . For example, the pervasive relationship between life span and body mass was viewed as support for a relationship between metabolism and life span-the so-called rate-of-living hypothesis (17, 18) . However, comparative analyses also have been used to test falsifiable hypotheses. In the case of the rate of living hypothesis, for example, the observation that bats and birds live longer than cursorial mammals of similar size allowed biologists to reject a simple connection between metabolism and life span (19) , although oxidative damage might nonetheless play an important role in aging (20, 21) .
Comparative analyses also can be used to distinguish among competing hypotheses. For example, the idea that rate of aging can be modified independently of metabolic rate (or body mass) by selection on life span is supported by the strong correlation between rate of aging and extrinsic mortality rate, which limits the maximum potential life span independently of body mass (22) . Clearly, broader comparisons have greater power to contrast the predictions of multiple hypotheses and uncover the most general relationships. In this sense, comparative analyses have been used primarily to identify patterns in the connections between life span and other aspects of the life history of organisms as a way of suggesting potential mechanisms of general importance.
As information about life histories of organisms has accumulated and with the advent of more powerful analytical techniques, including phylogenetically informed comparative analyses (23, 24) , the search for pattern connected to aging has broadened. Earlier studies primarily concerned the relationship between life span and body size or metabolic rate (25) . More recently, comparative analyses have extended to other life-history traits, particularly developmental schedules, leading to the concept of a slow-fast continuum in life histories (15, (26) (27) (28) . Among mammals, maximum longevity has been related to age at maturity (29) and postnatal growth rate (30) . In a broad analysis of bird and mammal data, de Magalhães et al. (31) concluded that age at sexual maturity, corrected for body mass, bears the most consistent relationship to maximum recorded life span, with the exclusion of metabolic rate and postnatal growth rate.
Although most comparative studies have related life span to lifehistory attributes of individuals, such as metabolic rate and development periods, life span also varies in relation to environmental variables-a predictable outcome of evolutionary differentiation but also of direct phenotypic responses of aging to the environment. For example, the rate of aging, assessed by the increase in mortality rate as a function of age [actuarial senescence (AS)], increases with the extrinsic mortality rate experienced by young (presumably nonsenescent) adults (22) . This relationship is consistent with a prominent evolutionary theory of aging (3, 22, (32) (33) (34) (35) (36) , which states that selection to postpone the effects of senescence is strongest in species that enjoy low extrinsic risk of death. Mortality rates in nature depend on aspects of the environment as well as the adaptations of individuals that influence risk, such as the arboreal habit in mammals (37) , which also should be correlated with the rate of aging. Wasser and Sherman (38) recently analyzed the relationship of maximum recorded life span in 40 avian families to several ecological, physiological, and behavioral traits, finding significant support for effects of body mass (P < 0.0001), diet (herbivore > carnivore = omnivore; P = 0.013), breeding (social > nonsocial; P = 0.028), and isolation (island > mainland; P = 0.054); breeding latitude, breeding habitat, nestsite location, and migratory behavior were not significant effects.
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Results
The general result of the comparative analysis is that rate of aging, quantified as the parameter omega (ω) of the Weibull function (22) , is negatively related to age at maturity, the possession of flight (scored as 0 or 1, essentially the distinction between birds and other vertebrates, except bats), and the duration of embryo growth (Fig. 1) . Body mass makes no additional unique contribution to variation in ω. When flight is removed from the regression, incubation/gestation period becomes nonsignificant, because flight serves as a proxy for the difference between mammals and birds. The incubation or gestation periods differ substantially between birds and mammals (39) , and therefore, without distinguishing these observations taxonomically, the influence of embryo growth rate on the rate of aging evaporates, although the statistical effect is strong within each class.
Family-level analyses included 124 taxa (Amphibia = 9, Aves = 45, Mammalia = 53, Reptilia = 17). The standard deviations of the log 10 -transformed variables were: adult body mass, 1.290 (n = 118); ω, 0.237 (n = 124); m 0 , 0.354 (n = 124); neonate mass, 1.301 (n = 89); incubation or gestation period, 0.472 (n = 104); postnatal growth rate, 0.703 (n = 65); age at maturity, 0.387 (n = 90). Adult and neonate mass exhibited the broadest variation; gestation period and postnatal growth rates had high variability, compared with the remaining traits, because of the pronounced differences between birds and mammals.
The small sample sizes for neonate mass and postnatal growth rate limited the scope of comparative analyses. In a stepwise regression of logω with all of the independent variables (n = 58 families), neither neonate mass nor postnatal growth rate were significant effects. Thus, these variables were deleted from subsequent analyses, leaving age at maturity (n = 90 families) with the limiting sample size.
When log 10 ω was regressed as a function of the logarithms of body mass (m 0 ), incubation or gestation period, and age at maturity, including taxonomic class as an effect (n = 87 families), class was a significant effect (F 3,79 = 10.4; P < 0.0001, explaining 13.2% of the total variance), with birds exhibiting significantly lower log 10 ω than the other classes by factors of 1.56-1.90. Taxonomic class, however, is redundant on flight, which, in the absence of class as a variable, explained 10.0% of the total variance (F 1,81 = 22.1; P < 0.0001); with flight and class in the same model, neither was uniquely significant (both P > 0.05). In subsequent analyses, I retained flight as the biologically more interpretable variable.
Akaike's information criterion (AIC) adjusted for small sample size (AICc) comparisons of models with different combinations of the independent variables indicated low weights for initial mortality rate (0.37) and adult body mass (0.68), with the remaining variables having weights of 0.97-1.00. With m 0 deleted from the model (n = 87), weighted estimates of variable coefficients were: mass, −0.038; gestation period, −0.156; age at maturity, −0.322; flight, −0.192. Thus, age at maturity was a strong predictor of the rate of aging (and maximum recorded life span) across the vertebrate classes. Rate of aging decreases with increasing body mass (standardized regression coefficient = −0.208), gestation period (−0.289), and age at maturity (−0.524) and with possession of flight (Appendix S1).
The analysis was repeated among families of mammals (n = 50) with complete data (flight deleted and length of the weaning period added). Adult mass, neonate mass, and weaning period had variable weights less than 0.6 and were subsequently excluded. In the final model (n = 51), the weighted regression coefficients were: initial mortality rate, 0.143; gestation period, −0.161; age at maturity, −0.389. The standardized regression coefficients were 0.215, −0.217, and −0.553, respectively ((Appendix S2).
One of the striking contrasts in the life histories of birds and mammals is the disparity in rate of development, both during the embryo period and after birth or hatching (Fig. 2) . In both birds and mammals, the rate of aging is statistically related to the length of the embryo development period (r = −0.43, n = 141 species; r = −0.62, n = 160) and the rate of postnatal growth (r = 0.28, n = 91; r = 0.73, n = 72). However, the relationship is displaced between the classes (Fig. 3) ; only gestation period remains a marginally significant effect, and this is only for mammals in multiple regressions that include age at maturity.
Discussion
The most striking result of this analysis is the strong relationship between rate of aging and age at sexual maturity across terrestrial vertebrates. This relationship exists virtually to the exclusion of statistical contributions of body and neonate mass, lengths of the embryo development and weaning periods, and rate of postnatal development. The result parallels the results of de Magalhães et al. (31) , which are based on maximum reported life span rather than an actuarial rate of aging, as in this analysis. Ricklefs (39) found displaced relationships between the rate of aging and the rate of embryo growth in birds and mammals, but the numbers of species were small and age at maturity was not included in the multipleregression analyses. The result also parallels the observation of Charnov (15, 40, 41 ) that age at maturity directly parallels the mean adult life span, such that the dimensionless ratio of these numbers is invariant. The relationship between age at maturity and potential life span is consistent with the distribution of species along a slowfast continuum, but the continuum concept (28) breaks down when embryonic and postnatal growth and development are considered. Indeed, birds and mammals contrast strikingly with respect to the onset of maturity relative to postnatal growth (Fig.  4) . Most mammals become sexually mature before they have completed postnatal growth, whereas virtually all birds mature sexually long after they are fully grown. Thus, no single pattern of life, including development, maturity, and aging, varies among vertebrate species only by expansion or contraction of a common time scale. These aspects of the life history apparently evolve, to a large extent, independently. Indeed, in comparisons across the vertebrate classes, rate of development predicts longevity relatively poorly; even within each vertebrate class, the statistical association of longevity with development is weak, if it exists at all, when age at maturity also is included in the equation.
Why is age at maturity the important variable? One might argue a direct cause-effect relationship [maturity → aging; i.e., that individuals do not begin to age until they become reproductively mature, at which time endocrine mechanisms change (42) and individuals must allocate resources between self-maintenance and the production of offspring (43, 44) ]. If this were the case, however, it is not clear why the rate at which mortality increases with age is lower in species that mature later, as found in this study, where 1/ω (directly related to life span) is approximately proportional to the square root of the age at maturity (Fig. 3) . Although rate of aging and development seemingly must be generally linked, the acquisition of sexual maturity in birds at widely different ages (in many cases, a decade or more after growth is completed) does not seem to reflect a developmental process proceeding at different rates so much as differential postponement of sexual development.
It is also not clear why males and females of most species have similar life expectancies, given their different reproductive roles (10, 45) . In captive populations of birds and mammals, the number of offspring produced up to a certain age does not predict the longevity of an individual beyond that age, suggesting that reproduction per se does not interfere with self-maintenance processes that influence life span (46) . Moreover, mice and dogs ovariectomized before maturation do not live longer than controls (47, 48) , suggesting that coming into reproductive condition has little effect on the somatic physiology of aging, although implantation of young ovaries into older, ovariectomized mice seems to extend life (47) .
Another possibility is that adult mortality applies selection on longevity in accordance with evolutionary models of the rate of Fig. 2 . Species-level relationships between potential life span (1/ω, in years) and lengths of the embryo, postnatal growth, and prereproductive periods as a function of body mass in birds (open symbols) and mammals (solid symbols). The relationship between birds and mammals with respect to the rate of aging most closely matches that with respect to age at sexual maturity. Fig. 3 . Family-level relationships between the rate of aging (ω) and the embryo development period (Left) and age at maturity (Right). The relationships for each of the classes match well with respect to age at maturity; crocodilians and tortoises are outliers among the reptiles, because they have relatively high rates of aging for their ages at maturity.
aging and also directly affects the age at maturity through densitydependent feedbacks on young individuals (age at maturity ← extrinsic adult mortality → rate of aging). Accordingly, age at maturity and rate of aging would be fortuitously related by their independent links to extrinsic mortality. A balanced population requires that annual recruitment equals adult mortality. Annual recruitment is a function of the number of offspring produced and their survival to maturity. If, in comparisons across species, adult mortality decreases faster than annual reproductive success, then the age at maturity must be extended to balance the population equation, assuming that older individuals are dominant over younger individuals and can prevent them from reproducing successfully.
The relationship between recruitment and adult survival can be described simply (i.e., without age dependence in adult survival and reproductive success) as P a B (recruitment) = M, where B is the number of independent offspring produced per reproducing adult each year, P a is the probability that offspring survive to maturity (age = a), and M is the annual adult mortality (1 − S). Suppose that P a is simply the adult survival rate raised to the power of the age (years) at maturity. Now, we have S a B = M, which can be rearranged to give an expression for the age at maturity as a function of S and B (Eq. 1),
In birds and mammals, B is directly proportional to M (15, 49, 50) , and therefore, the numerator of Eq. 1 is roughly constant across species. In addition, annual prereproductive survival is proportional to, but somewhat lower than, adult S. If first-year prereproductive survival were proportion c (< 1) of adult survival, then −log(c) would be added to the numerator in Eq. 1.
Under strong density dependence, with older individuals socially dominant to younger individuals, the age at maturity will depend closely on the value of S (Fig. 5) , specifically on −1/log(S) with a slope equal to log(B/M). Notice that −log(S) is equal to the instantaneous annual adult mortality rate [m; i.e., S = exp(−m)] and that 1/m is the expected adult life expectancy assuming ageindependent mortality. The strong dependence of the age at maturity on annual survival of adults suggests that the close relationship between the rate of aging, or maximum potential longevity, and the age at maturity is a fortuitous consequence of the dependence of both life-history variables on the extrinsic mortality rate. These relationships provide insights into the evolution of both the age at sexual maturity and the rate of aging. In the first case, although fecundity decreases with decreasing adult mortality, the number of offspring produced each year as potential recruits to the adult population, nonetheless, exceeds the number of adult deaths by approximately the same ratio, regardless of the annual adult mortality. Thus, assuming that population size is regulated by density-dependent factors, young individuals must wait longer to enter the breeding population in species with lower annual adult mortality. Density dependence evidently is exerted most strongly on the ability of young individuals to gain breeding places in the population, indicative of strong social feedback from adults (51, 52) .
The relationship between age at maturity and rate of aging is consistent with evolutionary theories relating the rate of aging primarily to extrinsic mortality. Although humans have exceptionally long potential life spans, our longevity apparently results from the safety of our lives as primates rather than other features of our anatomy, physiology, or behavior. Longevity is a feature of primates of all types. Relative to adult body mass, the primates share exceptional life spans and slow rates of actuarial senescence with bats and a few other mammals (Fig. 6) . When plotted as a function of the age at maturity, however, rate of aging in both primates and bats falls into line with other mammals and other vertebrates.
The apparent primacy of extrinsic mortality in determining rates of aging in vertebrates suggests shared underlying mechanisms that regulate the rate of physiological deterioration of the body, or at least, the rate of increase in susceptibility to terminal diseases. That the rate of aging responds to extrinsic selective pressures in the same way in mammals, birds, and reptiles suggests that the costs of mechanisms that prevent or repair damage to the body are similar among different groups of vertebrates, despite differences in metabolic rates, body-temperature control, rates of development, and other physiological parameters. In addition, the observation that the proportion of adult mortality resulting from aging-dependent causes increases with the potential longevity of species (22, 53) indicates that the costs of mechanisms to prolong life increase with greater potential longevity or that the availability of such mechanisms is exhausted in long-lived organisms. Accordingly, we should not expect to see substantial improvements in human life span through ordinary biological mechanisms. Evidently, these have been exploited fully over the millions of years of vertebrate evolution.
Materials and Methods
Rates of actuarial senescence for mammals (168 species), birds (207), reptiles (39) , and amphibians (12) were estimated from the parameters of Weibull functions fitted to the relationship between survival and age in captive and wild populations (Appendix S4). The Weibull function is (Eq. 2)
where m x is the mortality rate at age x, m 0 is the initial, or extrinsic, mortality rate experienced by young adults, a is a scaling parameter equal to the agerelated component of mortality at age 1, and b is the power of the relationship between the age-related component of mortality and age. The relationship between survival to age x (l x ) and age (Eq. 3), . When W (0) = 2, for example, 50% of the asymptote is reached at kt = 1.7, 90% at kt = 3.6, and 95% at kt = 4.3. The relative time at sexual maturity for each species is the product of the species' growth-rate constant (k; [1/days] ) and age at sexual maturity (days), resulting in a dimensionless number. Because birds grow very rapidly compared with mammals, most species of bird mature well after reaching full size, whereas many species of mammal mature well below their eventual adult mass.
was used to fit the survival data by nonlinear regression. A derived rate of aging (ω), defined as a 1/(b + 1) , is proportional to the overall rate of aging and has units of 1/time (22) . Further properties of Weibull aging parameters and comparison with Gompertz parameters, also commonly used to fit agerelated mortality and survival data (54, 55) , are discussed by Ricklefs and Scheuerlein (56) . Because values of ω are similar for populations of the same or related species in the wild and captivity (53, 57) , values of ω estimated from both sources can be combined in comparative studies, although extrinsic mortality (m 0 ) is generally lower in captive and domesticated animals (53) . ω is strongly correlated with maximum recorded life span both for the datasets used to estimate ω and also for independent datasets ((Appendix S5). Life-history variables included in this analysis, in addition to extrinsic mortality estimated from survival curves, were body mass, neonate mass, gestation or incubation period, weaning period (for mammals), postnatal growth rate (mammals and birds), and female age at maturity. Life-history variables were largely obtained from the AnAge online database (58) (http:// genomics.senescence.info/species/) maintained by J. P. de Magalhães. The life-history data and literature sources are detailed in (Appendix S6. Body mass for several species of reptiles and amphibians was estimated from a mass-length relationship ((Appendix S7); extrinsic mortality for captive populations of only mammals was estimated from a regression equation for m 0 (wild) as a function of m 0 (captive) based on a limited number of species for which both values were available ((Appendix S8).
Life-history variables were log 10 transformed to make variances closer to equal, linearize relationships between the variables, and make variation scale-independent (i.e., related to proportional rather than absolute differences between observations).
Because most of the variation in rate of actuarial senescence at the level of species is caused by stochastic variation and measurement error, analyses were performed on taxonomic family means (Fig. 1) . Although relationships between variables generally have higher coefficients of determination (r 2 ) at higher taxonomic level, sample sizes increase and standard errors of regression coefficients often decrease at lower taxonomic levels. The decision to analyze most of the data using family means reflects a compromise between these trends. Phylogenetically informed analyses, including taxonomically nested analyses of variance and covariance as well as contrasts analysis, of the relationship between rate of aging and body mass in mammals show that only variation at the deeper nodes in the tree is significant ((Appendices S9 and ((S10). Thus, the 6 . The rate of actuarial senescence (ω) in mammals as a function of body mass (Left) and age at maturity (Right). Whereas bats (Chiroptera) and primates age slowly for their size, their rate of aging falls into line with other mammals relative to the age at maturity. Note: If you cannot distinguish the colors in this figure and would like more information, please contact the author.
